New semisynthetic sesquiterpene derivatives (3-7, 10), together with two known ones (8-9) were prepared from (S)-(+)curcuphenol (1), isolated from the Caribbean sponge Didiscus oxeata. The natural sesquiterpenes 1 and (S)-(+)-curcudiol (2), as well as semisynthetic derivatives 3-10, were evaluated against the herbivorous insect species Spodoptera littoralis, Leptinotarsa decemlineata and Rhopalosiphum padi. All compounds had an antifeedant effect on L. decemlineata. With R. padi, a structure-dependent antifeedant response was observed, with 1 being the most active, followed by 4 and 5. Furthermore, compounds 1, 4, 5, 7, 8 and 10 reduced S. littoralis larval weight, with 10 also reducing ingestion by S. littoralis larvae. Of the derivatives studied here, none showed stronger effects (either antifeedant or postingestive) than the parent compound 1. It can, therefore, be concluded that the structure of the side chain and the presence of the phenol ring of curcuphenol are important structural requirements for its insect antifeedant and growth regulation effects.
Widespread use of synthetic pesticides has led to several environmental problems related to the development of resistance, impact on human health and pollution. The continuous search for safer pest control methods has focused on bio-based products.
Marine sponges (Porifera) are one of the richest sources of biologically active secondary metabolites [1] . (S)-(+)-Curcuphenol (1) and (S)-(+)-curcudiol (2) are bioactive sponge-derived bisabolene sesquiterpenoids ( Figure 1 ). Both metabolites have been found in several marine sponges [2] and reported as ichthyotoxic [3] , antifouling [4] and antioxidant metabolites [5] . (S)-(+)-Curcuphenol also exhibited antimicrobial [6] [7] [8] [9] [10] [11] , antimalarial [8] and antitumor activity against several human cancer lines [10] and strongly inhibited the activity of gastric H, K-ATPase [12] . (R)-(-)-Curcuphenol, the antipodal compound found only in soft corals and in some terrestrial plants, exhibited antibacterial activity against Staphyloccocus aureus and Vibrio anguillarum [13, 14] . It has been suggested that the conversion of γ-bisabolene into its 7-(S) aromatic derivatives only occurs in marine sponges [14] .
Bisabolene derivatives play a role in insect behavior as they behave as sex pheromones [15, 16] , have insecticidal properties [17] [18] [19] and act as inducible plant defenses against insects [20] . Furthermore, the plant-derived bisabolene derivative (6S)-2,10bisaboladien-1-one has been described as an effective antifeedant against Leptinotarsa decemlineata, Myzus persicae and Diuraphis noxia [21] [22] [23] . Therefore, bisabolenes can be considered as molecular leads for insect antifeedants.
A serious obstacle to the development of any commercial applications of marine natural products is their availability. Synthetic methods [24] [25] [26] and microbial and chemical transformations [2, 8] have been developed for the production of bioactive γ-bisabolene derivatives.
Despite the fact that various biological activities have been reported for (S)-(+)-curcuphenol (1) and (S)-(+)curcudiol (2) , there are no studies regarding their insecticidal activity. In this study we evaluate the antifeedant and postingestive activity of the natural sesquiterpenoids 1 and 2 and of the semisynthetic derivatives 3-10 against several insect species of (S)-(+)-Curcuphenol (1), previously isolated from the methanolic extract of the marine sponge Didiscus oxeata [7] , was subjected to several chemical transformations (oxygenation and chlorination) which yielded the semisynthetic sesquiterpenoids 3-10. These derivatives include new compounds (3-7 and 10) and the two known dihydroxylated analogs, (7S,10S)-(+)-10-hydroxycurcudiol (8) and (7S,10R)-(+)-10-hydroxycurcudiol (9) (Scheme 1). These diols, previously isolated as a mixture from the marine sponge Didiscus aceratus [2] , were initially obtained via microbial transformation of 1 [8] .
Chlorination of (S)-(+)-curcuphenol (1) with copper (II) chloride in acetonitrile at room temperature produced compounds 3 (43%) and 4 (14%). Copper (II) chloride is a weak Lewis acid which promotes para-selective ring-chlorination of aromatic compounds. However, olefins react with copper (II) chloride in acetonitrile solution to give a moderate yield of vicinal dichloroalkanes [27] . When the chlorination of 1 was carried out in the presence of a nucleophilic agent, such as methanol, at 50ºC, it afforded 5 (40%) and small amounts of 4 (9%). The HRESIMS spectra of 4 and 5 established their molecular formulae as C 15 H 21 ClO and C 16 H 25 ClO 2 , respectively. Comparison of the 1 H and 13 C NMR spectroscopic data of the two compounds with those of 1 suggests that 4 is a monochlorinated derivative of 1, while 5 is a methanol addition product of 4. The fragment ion pairs at m/z 184/182 and 171/169 (as a result of the partial loss of the side chain) in the EIMS spectra of both compounds, together with the presence of only two aromatic signals as singlets in the 1 H NMR spectra (δ 6.63 and 7.08 in 4; δ 6.64 and 7.07 in 5) confirms that the chlorine was introduced at the para position of the phenol ring. This was supported by the up field shifts of the signals of C-4 from δ 121.7 in 1 [10] to δ 125.9 in 4 and 5, and confirmed by means of HMBC correlations between H5/C7 and H7/C5 in both compounds. The presence of a methoxy group in the aliphatic side chain of 5 was deduced from the methyl proton singlet at δ 3.16, the methyl carbon signal at δ 49.1 and the fragment ion pair at m/z 254/252 resulting from the loss of MeOH. The quaternary carbon at δ 75.0 (C-11) and the fragment ion at m/z 73 (C 3 H 8 O + resulting for the ether α-cleavage) in the EIMS spectrum of 5 indicate that the methoxyl group is at C-11. As a result of these spectral data, compounds 4 and 5 were shown to be (S)-(+)-4-chlorocurcuphenol and (S)-(+)-4-chloro-10,11-dihydro-11-metoxycurcuphenol, respectively.
Comparison of the 1 H, 13 C NMR and EIMS spectral data of compound 3 with those of 4 and 5 clearly show that 3 has one chlorine atom at the para position of the phenol ring, as in 4 and 5. The fragment ion pair at m/z 254/252 in the EIMS spectrum (loss of HCl) and the carbon signals of C-10 and C-11 (45.9 and 71.3 ppm) in the 13 C NMR spectrum indicates the presence of a chlorine atom in the aliphatic chain at C-11. Thus, compound 3 is (S)-(+)-4,11-dichloro-10,11-dihydrocurcuphenol.
Epoxidation of (S)-(+)-curcuphenol (1) with mchloroperoxybenzoic acid (m-CPBA) afforded compounds 6 and 7 (3:2 ratio). Their HRESIMS spectra established the molecular formula C 15 H 22 O 2 for both compounds. Nucleoplilic ring-opening of epoxides under mild conditions has been reported with the use of bismuth (III) chloride (BiCl 3 ) as an efficient and useful environmentally-friendly catalyst [28] . Indeed, hydrolysis of these epoxides in aqueous acetonitrile under these conditions afforded the known diols (7S,10S)-(+)-10-hydroxycurcudiol (8) (55%) and (7S,10R)-(+)-10-hydroxycurcudiol (9) (41%), respectively. This hydrolysis reaction takes place in a stereoselective manner with the inversion of the configuration of the less-substituted oxirane carbon [28] . Thus, it was possible to establish the configurations of the asymmetric centre at C-10 for both epoxides (10R for 6 and 10S for 7). The structures of 6 and 7 corresponded to (7S,10R)-(+)-10,11-epoxicurcuphenol and (7S,10S)-(+)-10,11epoxicurcuphenol, respectively. Methanolysis of 7 under acidic conditions produced sesquiterpene 10 (43%). Its HRESIMS spectrum established its molecular formula as C 16 H 26 O 3 . Comparison of the 1 H and 13 C NMR spectroscopic data of compound 10 with those of 9 and 8 suggest that 10 is a methoxy analogue of 8. The presence of a methoxyl group is confirmed by the methyl proton singlet at δ 3.22 and the methyl carbon at δ 49.0 in the 1 H NMR spectrum, and the fragment ion at m/z 266 (loss of MeOH). The fragment ion at m/z 73 in the EIMS spectrum of 10 indicates that the methoxyl group is at C-11. Since the epoxide ring opening in acidic media takes place with attack of the nucleophile MeOH at the more-substituted oxirane carbon, the configuration at C-10 of the resulting compound 10 is (S), as in 7. Thus, compound 10 is (7S,10S)-(+)-10-hydroxy-11-methoxy-10,11dihydrocurcuphenol.
All test compounds exhibited an antifeedant effect on L. decemlineata with potency values within the range of the plant-derived bisabolene (6S)-2,10bisaboladien-1-one [23] and thymol [29] (Table 1) . R. padi showed a structure-dependent antifeedant response, with 1 and thymol being the most active, followed by 4, 5 and (6S)-2,10-bisaboladien-1-one.
Our results showed that 1, 4, 5, 7, 8 and 10 reduced S. littoralis larval weight (ΔB), with 10 also reducing ingestion (ΔI) in the case of orally injected S. littoralis larvae, exhibiting lower activity than the positive control, rotenone [30] ( Table 2 ). The treatment effects of 1, 4 and 5 on ΔB did not disappear with covariance adjustment (pANCOVA2<0.05), suggesting a postingestive toxic effect, while 7, 8 and 10 are postingestive growth inhibitors (pANCOVA2>0.05). The C-10,11 double bond determined strong aphid repellency and larval toxicity (1 vs. 2 and (6S)-2,10-bisaboladien-1-one).
The introduction of chloride atoms in the side chain of 1 (3) eliminated the antifeedant effect on R. padi and the postingestive toxicity effect on S. littoralis. The C-4 chlorination of the aromatic ring (4 and 5) and the 7S,10S epoxide (7) reduced their antifeedant effect on R. padi, while maintaining postingestive toxicity against S. littoralis at levels similar to 1.
The 7S,10S triol 8 and the diol 10 were moderate postingestive growth inhibitors of S. littoralis, in contrast to the inactive 7S,10R triol 9, suggesting strong side-chain dependent molecular selectivity for the postingestive effects of these curcuphenol derivatives. None of the derivatives studied here showed stronger effects (antifeedant or postingestive) than the parent compound 1. Therefore, the structure of the side chain [C10,11 double bond as in 1 and (6S)-2,10-bisaboladien-1-one] and the presence of the phenol ring of curcuphenol (as in thymol) are important structural requirements for the insect antifeedant and growth regulation effects.
Similarly, bisabolanes, such as β-curcumene, ar-curcumene and xanthorrizol have been described as strong contact toxins against S. littoralis neonate larvae (xanthorrizol being the most potent) indicating the importance of the aromatic ring. However, xanthorrizol was not active when incorporated into artificial diet suggesting detoxification in the gut [17] . The antifeedant action of 1 and its derivatives on L. decemlineata and R. padi could be related to the ability of ortho-alkylated phenol derivatives, including thymol, to act as GABA A receptor agonists [31] . Other insect antifeedants, such as silphinene sesquiterpenes, interact with the insect GABA receptor in a manner somewhat different from pycrotoxinin [32] , supporting the hypothesis of a GABA-mediated mechanism for antifeedant taste chemoreception in insects [33] . The insect growth inhibition effects of 1 and its derivatives on S. littoralis may be attributable to cytotoxic effects since curcuphenol has been described as a cytotoxic agent [34] . However we cannot rule out a possible neurotoxic action of these compounds on the insect's central nervous system.
Experimental
General experimental procedures: Optical rotations were recorded using a Perkin-Elmer 241 polarimeter. 1 H and 13 C NMR spectra were acquired using either a Bruker AMX-300 or a Bruker Avance-400 spectrophotometer. NMR spectra were obtained in deuterated chloroform containing TMS as an internal standard, at room temperature. Electron impact mass (EIMS) were recorded on a Kratos model MS-25 RF mass spectrometer with an ionizing voltage of 70 eV. HREIMS were recorded on a FT-MS Apex-Qe mass spectrometer. Thin layer chromatography was carried out using precoated Merck silica gel plates 60F 254 . Column chromatography was performed using silica gel 60 powder (0.040-0.063 Merck, 9385). (1) and (S)-(+)-curcudiol (2) used in this work were isolated, as previously reported, from the methanolic extract of the Curaçao marine sponge Didiscus oxeata [7] . (4) : CuCl 2 .2H 2 O (82.3 mg, 0.483 mmol) was added to a solution of (S)-(+)-curcuphenol (50 mg, 0.23 mmol) in CH 3 CN (1 mL) and the resulting mixture stirred overnight at room temperature. The mixture was diluted with EtOAc (5 mL) and washed with water (3 x 2 mL). The organic layer was dried over MgSO 4 , filtered and concentrated in vacuo. The product was purified over SiO 2 using n-hexane/EtOAc (4:1) to yield 3 (25.4 mg, 40.4%) and 4 (8.3 mg, 14%).
Natural compounds: (S)-(+)-Curcuphenol

Synthesis of (S)-(+)-4,11-dichloro-10,11-dihydrocurcuphenol (3) and (S)-(+)-4-chlorocurcuphenol
(S)-(+)-4,11-Dichloro-10,11-dihydrocurcuphenol
Colorless oil. (5) : CuCl 2. 2H 2 O (78 mg, 0.46 mmol) was added to a solution of (S)-(+)curcuphenol (48.2 mg, 0.22 mmol) in MeOH (2 mL) and the mixture stirred for 4 h at 50ºC. The reaction mixture was then concentrated in vacuo and the resulting residue dissolved in CH 2 Cl 2 and washed with water (3 x 5 mL). The organic layer was dried over MgSO 4 , filtered and evaporated. The residue was chromatographed over SiO 2 using n-hexane/EtOAc (4:1) rendering 3 (5.2 mg, 9%) and 4 (25.4 mg, 40%) as yellow oils. (6) and (7S,10S)-(+)-10,11-epoxycurcuphenol (7) : m-CPBA (160 mg, 0.92 mmol) was added to a solution of curcuphenol (100 mg, 0.46 mmol) in CH 2 Cl 2 (2 mL) at 0ºC . The resulting yellow solution was stirred at room temperature for 2 h after which TLC (n-hexane/EtOAc 8:2) indicated complete consumption of the starting material and the formation of two major products. The mixture was then diluted with CH 2 Cl 2 (10 mL) and washed with a NaHCO 3 saturated solution (3 x 10 mL). The organic phase was dried over (MgSO 4 ), filtered and evaporated. The crude epoxide mixture was separated over SiO 2 using n-hexane/EtOAc (95:5) to yield 6 (31.4 mg, 31%) and 7 (20.2 mg, 20%). (8) and (7S,10R)-(+)-10-hydroxycurcudiol (9) : BiCl 3 (3 mg, 0.0095 mmol, BiCl 3 /epoxide = 0.15) was added to a solution of each epoxide of curcuphenol (16 mg, 0.0683 mmol) in an equal mixture of acetonitrile and water (1 mL). The mixture was stirred at room temperature and under a nitrogen atmosphere for 5 h. The reaction mixture was evaporated and the aqueous mixture saturated with brine and extracted with diethyl ether (3x10 mL). The combined organic solution was dried with MgSO 4 and evaporated. The product was chromatographed over SiO 2 using n-hexane, n-hexane/EtOAc (4:1) and n-hexane/EtOAc (2:1) to yield the corresponding diol. (10) : Water (1 mL) and a few drops of HClO 4 were added to a solution of 7 (50 mg, 0.23 mmol) in MeOH (2 mL) and the resulting mixture was stirred for 3 h at room temperature. The mixture was diluted with EtOAc and washed with saturated NaHCO 3 solution until a neutral pH was achieved. The aqueous layers were back-extracted with EtOAc (2 x 5 mL). The organic layers were combined, dried (MgSO 4 ), filtered and concentrated. The residue was chromatographed over SiO 2 using n-hexane/ EtOAc (9:1) to yield 10 (26.1 mg, 43%) as an orange oil. Insect bioassays: Colonies of S. littoralis, L. decemlineata and M. persicae were reared on artificial diet potato foliage [35] , and bell pepper (Capsicum annuum) plants, respectively, and maintained at 24 ± 1°C and 60-70% relative humidity, with a 16:8 h (l:d) photoperiod in a growth chamber.
Synthesis of (S)-(+)-4-chloro-10,11-dihydro-11methoxycurcuphenol
Synthesis of (7S,10R)-(+)-10,11-epoxycurcuphenol
Synthesis of (7S,10S)-(+)-10-hydroxycurcudiol
Synthesis of (7S,10S)-(+)-10-hydroxy-11-methoxy-10,11-dihydrocurcuphenol
Feeding assays were performed on L. decemlineata and M. persicae adults. Either S. tuberosum or C. anuum leaf disks (1.0 cm 2 ) were treated on the upper surface with 10 μL of the test substance. Five Petri dishes with twenty boxes, each with three (L. decemlineata) or ten (M. persicae) insects were allowed to feed in a growth chamber (environmental conditions as described above). Each experiment was repeated three times and terminated either after the consumption of between 50-75% of the control disks (L. decemlineata) or after 24 h (M. persicae). Feeding or settling inhibition (%FI or %SI) was calculated as % FI = (1 -(T/C) x 100], where T and C are the consumption of treated and control leaf disks, respectively, or %SI= (1 -(%T/%C)], where %C and %T are percent aphids settled on control and treated leaf disks, respectively [22, 36] . The aphid antifeedant bisabolene (6S)-2, 10-bisaboladien-1-one [23] and thymol, an allosteric modulator for insect GABA A receptors [37, 38] with insecticidal [39] and aphid antifeedant effects [29] , were included as positive controls for comparison purposes.
Oral cannulation: This experiment was performed with pre-weighed, newly moulted S. littoralis L6-larvae. Each experiment consisted of 20 larvae, orally injected with 40 μg of the test compound in either 4 μL of DMSO (treatment) or solvent alone (control), as described by Reina et al. [36] . At the end of the experiments (72 h), larval consumption and growth were calculated on a dry weight basis. A covariance analysis (ANCOVA1) of food consumption (ΔI) and biomass gains (ΔB) with initial larval weight (BI) as covariate (covariate p >0.05) was performed to test for significant effects of the test compounds on these variables. An additional ANOVA analysis and covariate adjustment on ΔB with ΔI as covariate (ANCOVA2) was performed on those compounds significantly reducing ΔB to understand their postingestive mode of action (antifeedant and/or toxic) [36] . Rotenone was included as a positive control [30] .
